Sex chromosomes are uniquely subject to chromosome-wide silencing during male meiosis, and silencing persists into post-meiotic spermatids. Against this background, a select set of sex chromosome-linked genes escapes silencing and is activated in post-meiotic spermatids. Here, we identify a novel mechanism that regulates escape gene activation in an environment of chromosome-wide silencing in murine germ cells. We show that RNF8-dependent ubiquitination of histone H2A during meiosis establishes active epigenetic modifications, including dimethylation of H3K4 on the sex chromosomes. RNF8-dependent active epigenetic memory, defined by dimethylation of H3K4, persists throughout meiotic division. Various active epigenetic modifications are subsequently established on the sex chromosomes in post-meiotic spermatids. These RNF8-dependent modifications include trimethylation of H3K4, histone lysine crotonylation (Kcr), and incorporation of the histone variant H2AFZ. RNF8-dependent epigenetic programming regulates escape gene activation from inactive sex chromosomes in post-meiotic spermatids. Kcr accumulates at transcriptional start sites of sex-linked genes activated in an RNF8-dependent manner, and a chromatin conformational change is associated with RNF8-dependent epigenetic programming. Furthermore, we demonstrate that this RNF8-dependent pathway is distinct from that which recognizes DNA double-strand breaks. Our results establish a novel connection between a DNA damage response factor (RNF8) and epigenetic programming, specifically in establishing active epigenetic modifications and gene activation.
Sex chromosomes go through unique epigenetic programming during reproduction and development. Mammalian sex chromosomes are an excellent model system to understand the pivotal roles of epigenetic programming in development. Importantly, sex chromosomes precisely recapitulate stereotypical epigenetic programming in a timely and spatially coordinated manner. In females, one of the X chromosomes is inactivated for dosage compensation of X-linked genes (Gendrel and Heard 2011; Lee 2011; Payer et al. 2011) . In males, sex chromosomes are inactivated from meiosis to spermiogenesis in a process that is essential for germ cell development (Turner 2007; Yan and McCarrey 2009; Inagaki et al. 2010; Ichijima et al. 2012) . Against this background, many X-linked microRNAs escape silencing in meiosis (Song et al. 2009) , and a select set of sex-linked genes escapes silencing and is activated in post-meiotic spermatids (Namekawa et al. 2006; Mueller et al. 2008; Berletch et al. 2010; . Although underlying mechanisms of chromosome-wide silencing in both females and males are being gradually elucidated, the mechanism by which essential genes achieve gene expression has remained an unsolved mystery.
Meiotic sex chromosomes provide a unique opportunity to dissect the process of epigenetic programming.
Following the initiation of meiotic sex chromosome inactivation (MSCI), various epigenetic modifications are established gradually on the sex chromosomes in a coordinated manner, and the stage of spermatogenesis can be precisely defined. Epigenetic modifications on the sex chromosomes are maintained through meiotic cell division into spermatids, implying the inheritance of an epigenetic memory following meiosis (Turner 2007; Payer et al. 2011 ).
An essential step in the initiation of MSCI is the recognition of a chromosome-wide domain by an action of the DNA damage response (DDR) pathway, centered on gH2AX and its binding partner MDC1 at the early pachytene stage (Ichijima et al. 2011 ). An interacting partner of MDC1, the ubiquitin ligase RNF8, is essential in the somatic DDR (Huen et al. 2007; Kolas et al. 2007; Mailand et al. 2007 ) and is responsible for histone H2A ubiquitination on the sex chromosomes at the onset of MSCI ( Fig. 1A-C ; Lu et al. 2010; Santos et al. 2010) . Although Rnf8 knockout (KO) mice are sterile, RNF8 does not have a function in gene silencing (Lu et al. 2010) or MDC1-dependent chromosome-wide amplification of the gH2AX signal (Ichijima et al. 2011) . The role of histone H2A ubiquitination on the sex chromosomes remains unknown.
Initiation of MSCI is followed by the establishment of various epigenetic modifications, with the entire domain of the sex chromosomes treated distinctly from the rest of the genome. Of note, sex chromosomes are illuminated with silent modifications that include H3K9 methylation and heterochromatin proteins (Namekawa et al. 2006; Turner et al. 2006) . The sex chromosomes are also marked by epigenetic modifications that are associated with active transcription, including dimethylation of histone H3 Lys 4 (H3K4me2) (Baarends et al. 2007) . Given the dynamic epigenetic changes on the sex chromosomes after the establishment of RNF8-dependent histone H2A ubiquitination, we sought to determine the role of RNF8 in epigenetic programming. Here we show that multiple active epigenetic marks are established in an RNF8-dependent manner after completion of meiotic prophase. Furthermore, we show that an RNF8-dependent epigenetic memory involving active marks persists through meiotic division and regulates escape gene activation on the sex chromosomes in post-meiotic spermatids. Our results reveal a novel role of RNF8 in epigenetic programming apart from its function in DNA damage signaling in somatic cells.
Results

RNF8 regulates active epigenetic modifications on the sex chromosomes in meiosis
To determine whether RNF8 has a role in epigenetic programming on sex chromosomes, we tested various kinds of histone modifications during spermatogenesis by immunostaining cells from wild-type and Rnf8-KO mice (Fig. 1) . Following RNF8-dependent ubiquitination of histone H2A on the sex chromosomes ( Fig. 1B,C ; Supplemental Fig. S1 ), we found that accumulation of monomethylated histone H4 Lys 20 (H4K20me1) is dependent on RNF8 from the early pachytene stage (when homologous chromosome synapsis completes) to the middiplotene stage (when homologous chromosomes start to segregate) in meiotic prophase ( Fig. 1D,E ; Supplemental Fig. S2 ). There was 100% depletion (n > 100) in the Rnf8-KO. H4K20me1 is associated with active transcription (Talasz et al. 2005; Barski et al. 2007 ) and is also implicated in gene silencing (Beck et al. 2012 ). H4K20me1 localizes on inactive sex chromosomes in males (van der Heijden et al. 2007 ) and on inactive X chromosome in females (Kohlmaier et al. 2004 ). On male meiotic sex chromosomes, the accumulation of H4K20me1 is concomitant Figure 1 . RNF8 is required for establishing active epigenetic modifications on the sex chromosomes. (A) Schematic of sex chromosome inactivation in meiosis and a summary of the RNF8-dependent modifications that we identified here (red). (B-G) RNF8-dependent histone modifications in primary spermatocytes were identified by immunostaining. SCP3 is a marker of meiotic chromosome axes. Regions inside the dotted squares are magnified in the panels on the right. Locations of XY bodies are highlighted with dotted circles. (H-K) RNF8 does not regulate silent histone modifications. All images are immunostaining of meiotic chromosome spreads.
with ubiquitinated H2A from the early pachytene stage to the mid-diplotene stage.
Furthermore, H3K4me2, a representative modification associated with active transcription, starts to accumulate on the sex chromosomes after the diplotene stage ( Fig. 1F ; Baarends et al. 2007) , while this accumulation is largely depleted in all cells (n > 100) in the Rnf8-KO (Fig. 1G) . Conversely, silent epigenetic modifications-including H3K9 methylation and heterochromatin proteins CBX1 and CBX3-that are established on the sex chromosomes are not affected in the Rnf8-KO ( Fig. 1H-K ; data not shown). This suggests that RNF8-dependent epigenetic programming specifically regulates active epigenetic modifications. Based on the timing of appearance of RNF8-dependent modifications, our results suggest that H3K4me2 is established downstream from RNF8-dependent ubiquitinated H2A and H4K20me1 on the sex chromosomes.
RNF8-dependent active epigenetic memory persists into post-meiotic spermatids
Depletion of H3K4me2 on sex chromosomes in the Rnf8-KO persists through meiotic divisions into post-meiotic round spermatids. In round spermatids, silent sex chromosomes form DAPI-discernible heterochromatin, termed post-meiotic sex chromatin (PMSC). Chromosome-wide silencing of the sex chromosomes is largely maintained after meiosis to round spermatids, except for the activation of a class of genes that escapes chromosome-wide silencing ( Fig. 2A ; Namekawa et al. 2006) . While enrichment of H3K4me2 on the sex chromosomes persists from meiosis to round spermatids in the wild type (Fig. 2B) , H3K4me2 is continuously depleted from PMSC in the Rnf8-KO (100% depletion n > 100) (Fig. 2C) . Although PMSC is DAPI-discernible, the position of the sex chromosomes was further confirmed by DNA fluorescent in situ hybridizatoin (FISH) using X-or Y-chromosome paints (Supplemental Fig. S3 ). H3K4me3 does not accumulate on the sex chromosomes in meiosis but is present on PMSC in the wild type in round spermatids (Fig. 2D) . H3K4me3 is significantly depleted from PMSC in the Rnf8-KO (Fig. 2E ). Of note, active epigenetic modifications that are known to specifically accumulate on PMSC in the wild type, such as histone lysine crotonylation (Kcr) (Tan et al. 2011 ) and histone variant H2AFZ (Greaves et al. 2006) , were substantially diminished in the Rnf8-KO (Fig. 2F-I ). These results suggest that RNF8-dependent epigenetic memory persists through meiotic divisions into round spermatids and establishes these modifications specifically on PMSC, although molecular links between these modifications remain to be determined. Given the RNF8-dependent accumulation of H3K4me2 from meiosis to round spermatids, we propose that H3K4me2 serves as a persistent RNF8-dependent epigenetic memory maintained through meiotic divisions to establish specific active modifications on PMSC.
Alternatively, silent epigenetic modifications on the sex chromosomes, such as H3K9me2, trimethylation of histone H3 Lys 9 (H3K9me3), and heterochromatin proteins CBX1 and CBX3, are not altered on PMSC in the Rnf8-KO (Fig. 2J-O) , consistent with the normal accumulation of these modifications in meiosis in the Rnf8-KO (Fig. 1H-K) . To further determine the selectivity of the RNF8 pathway in epigenetic programming, we examined profiles of histone acetylation. Histone acetylation is another form of active epigenetic modification associated with active transcription. H4K8 acetylation and H4K16 acetylation are excluded from meiotic sex chromosomes (data not shown) but are present on PMSC in the wild type ( Fig. 2P,R ; Greaves et al. 2006) . These modifications accumulate normally onto the PMSC in round spermatids of the Rnf8-KO (Fig.  2Q,S) . Therefore, H4K8 acetylation and H4K16 acetylation are not regulated by RNF8. These results demonstrate selectivity of the effects of the RNF8-dependent pathway to a certain class of active epigenetic modifications, including H3K4 methylation, Kcr, and H2AFZ (Supplemental Fig. S3I ).
RNF8 regulates escape gene activation from the sex chromosomes in round spermatids
The above results revealed specific alterations of a class of active epigenetic modifications on the sex chromosomes, raising the possibility of altered gene expression on the sex chromosome in the Rnf8-KO. To determine whether RNF8 is involved in gene activation of sex-linked genes, we performed microarray analysis using Affymetrix Gene 1.0 ST arrays with purified pachytene spermatocytes and round spermatids. In the pachytene spermatocytes, the differences between the wild type and Rnf8-KO are modest, and only three gene probes are altered more than twofold ( Fig. 3A ; Supplemental Table S1 ). However, we identified a larger set of gene probes that is downregulated more than twofold in the round spermatids of the Rnf8-KO, relative to wild-type cells ( Fig. 3B ; Supplemental Table S2 ). The vast majority of these gene probes is located on either the X or Y chromosomes ( Fig. 3C) , consistent with the cytological observation of specific depletion of active epigenetic modifications from the sex chromosomes in the Rnf8-KO. Furthermore, these gene probes, which are expressed in an RNF8-dependent manner, are distributed along the X chromosome (Fig. 3D ). This suggests that gene activation by an RNF8-dependent pathway occurs throughout the X chromosome. Among these RNF8-dependent gene probes, we eliminated probes that redundantly recognize single genes and probes that match intergenic regions. We identified 38 X-linked genes and 13 Y-linked genes regulated by RNF8 (Supplemental Table S3 ).
A selective set of sex-linked genes tends to escape postmeiotic silencing and is activated in round spermatids (Namekawa et al. 2006; Mueller et al. 2008; . In this study, we hereafter refer to this class of sexlinked genes as ''escape genes'' and this process as ''escape gene activation.'' RNF8-dependent escape genes belong to this class of reproduction genes that are expressed predominantly in the testis (Supplemental Figs. S4, S5A) . One example of RNF8-dependent Y-linked genes is the Ssty gene family, which is associated with low sperm motility and low sperm counts that cause male infertility in mice (Toure et al. 2005; Ward and Burgoyne 2006) . Examples of RNF8-dependent X-linked genes are Rhox11 and Samt1, which are specifically activated at late stages of spermatogenesis in mice (Hogeveen and Sassone-Corsi 2005; Maclean et al. 2005; Yogo et al. 2012) . As with the wild type, however, average expression of the X and Y chromosomes is increased from the pachytene spermatocyte stage to the round spermatid stage in the Rnf8-KO (Fig. 3E ). These results suggest that activation of a subset of sex-linked genes occurs independently of RNF8 and that RNF8 controls a specific subset of escape genes in the round spermatids. This could account for why the average expression of all X-linked genes is not significantly affected in the Rnf8-KO (Fig. 3E ) despite the significant down-regulation of escape genes ( Fig. 3C ) because the number of RNF8-dependent escape genes is small compared with the number of all X-linked genes. Conversely, the average expression of all Y-linked genes is significantly affected in the round spermatids of the Rnf8-KO (Fig. 3E ).
Chromatin conformational change is associated with RNF8-dependent epigenetic programming
The previous identification of Kcr enrichment at sites of active X-linked genes in round spermatids (Tan et al. 2011) prompted us to examine the genomic distribution of Kcr by chromatin immunoprecipitation (ChIP) coupled with deep sequencing (ChIP-seq) data, and its association with RNF8-dependent escape genes using our current and previous microarray data (Namekawa et al. 2006 ). Actively transcribed genes (i.e., ''present genes'' in the microarray analysis) show a higher level of Kcr around transcription start sites (TSSs) compared with nonexpressed genes (absent genes). This suggests that accumulation of Kcr is associated with transcriptionally active genes in the genome (Fig. 4A ). Kcr is highly enriched at the TSSs of RNF8-dependent escape genes such as Prame (Fig. 4B) . Notably, RNF8-dependent escape genes show a distinct pattern of Kcr distribution around the TSSs. Compared with X-linked genes that are subject to post-meiotic silencing, Kcr highly accumulates around TSSs of RNF8-dependent genes (Fig. 4C) . The ChIP-seq experiment was performed after micrococcal nuclease digestion without fixation (native ChIP), and peaks near the TSSs correspond to the position of nucleosomes. The position of the first nucleosome upstream of TSSs was shifted ;50 base pairs (bp) in the upstream direction in RNF8-dependent escape genes, as compared with genes that remain silent in round spermatids (black arrow in Fig. 4C ). This feature is not associated with other active genes in the round spermatids (Fig. 4A) . Therefore, the nucleosome-free region adjacent to TSSs, where RNA polymerase II is loaded (Schones et al. 2008) , is larger in the RNF8-dependent escape genes. This suggests that an open chromatin conformation facilitates loading of RNA polymerase II and transcription factors. Another signature is enrichment of 
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Kcr in the first three nucleosomes (red arrow in Fig. 4C ). Furthermore, we confirmed that Kcr enrichment at TSSs is RNF8-dependent (Supplemental Fig. S5B ). These results suggest that a chromatin conformational change is associated with RNF8-dependent epigenetic programming.
RNF8 may not be directly associated with the histone-to-protamine exchange Taken together, we conclude that the primary role of RNF8 in spermatogenesis is epigenetic programming on the sex chromosomes and that the RNF8-dependent pathway is required for activation of a certain class of escape genes from otherwise inactive sex chromosomes in round spermatids. Insufficiency of sex chromosome-linked genes likely accounts for infertility in the Rnf8-KO because many reproduction genes are sex-linked and expressed in round spermatids . A previous study suggested that RNF8-dependent ubiquitination in the late stage of spermiogenesis is required for global H4K16 acetylation and for the histone-to-protamine exchange that is necessary for sperm condensation (Lu et al. 2010) . However, using the same line of Rnf8-KO mice, we did not see any abnormality in global H4K16 acetylation or in the histone-toprotamine exchange in the Rnf8-KO (Supplemental Figs. S6, S7), although we also confirmed the global depletion of ubiquitinated H2A in the elongating spermatids of the Rnf8-KO (Supplemental Fig. S1 ). Therefore, ubiquitinated H2A may not be directly associated with H4K16 acetylation or with the histone-to-protamine exchange.
The novel role of RNF8 on the sex chromosomes is distinct from its role in the DDR in somatic cells
Identification of this novel RNF8-dependent pathway prompted us to further dissect it and investigate its relationship to the canonical DDR pathway in which RNF8 responds to DNA double-strand breaks (DSBs). In somatic cells, RNF8-mediated ubiquitination recruits various DDR factors, including p53-binding protein 1 (53BP1) and RAP80 (Huen et al. 2007; Kolas et al. 2007; Mailand et al. 2007; Wang and Elledge 2007) . On meiotic sex chromosomes, we found that 53BP1 recruitment occurs over the entire chromosome-wide domain in the wild type but is confined to the axis of the sex chromosomes in the Rnf8-KO (Fig. 5A,B) . RAP80, a DDR factor that binds to ubiquitin generated in a RNF8-dependent manner (Mailand et al. 2007; Wu et al. 2009; Zhang et al. 2012) and transmits DDR signaling in somatic cells, is absent on meiotic sex chromosomes; however, it accumulates on both ends of all chromosomes regardless of the genotype of RNF8 (Fig. 5C,D) . This suggests that RAP80 is unlikely to be involved in the regulation of sex chromosomes, in contrast to its role in the somatic DDR.
We then further examined the potential role of 53BP1 in the establishment of active epigenetic modifications. In the 53bp1-KO, H4K20me1 and H3K4me2 are established normally on the sex chromosomes in meiosis (Fig. 5E,F) . Additionally, H3K4me2 persists into PMSC (Fig. 5G) , and H3K4me3, Kcr, and H2AFZ are established normally on PMSC in the round spermatids (Fig. 5H-J) . These results indicate that RNF8-dependent epigenetic programming is not affected in the 53bp1-KO. These results are in line with the fecundity of the 53bp1-KO (Ward et al. 2003) . Thus, while 53BP1 accumulates on sex chromosomes in an RNF8-dependent manner, it does not regulate the accumulation of active histone modifications. These results suggest that the role of RNF8 in establishing active histone modifications on sex chromosomes is distinct from the role of RNF8 in recognizing DSBs in the somatic DDR.
To directly test the role of RNF8 in the regulation of epigenetic modifications in the context of the DDR in somatic cells, we examined human U2OS cells subjected to laser microirradiation to induce DSB stripes. A widely accepted marker of DSBs, g-H2AX (Rothkamm and Lobrich 2003) , was induced either with or without siRNA-mediated depletion of RNF8. Although 53BP1 and RAP80 were recruited to laser-induced stripes in U2OS cells in an RNF8-dependent manner (Fig. 6A-D) , we did not see any accumulation of epigenetic modifications-including H4K20me1, H3K4me2, and H3K4me3-that are, in contrast, dependent on RNF8 on meiotic sex chromosomes (Fig. 6E,F) . These results further support the possibility that RNF8 has a distinct role on meiotic sex chromosomes in addition to its well-known function of recognizing DSBs in the somatic DDR (Fig. 6G ).
Discussion
In this study, we identified a novel RNF8-dependent pathway that establishes active epigenetic modifications and regulates escape gene activation from otherwise inactive sex chromosomes in round spermatids. To our knowledge, this represents the first mechanistic insight into the regulation of escape gene activation in postmeiotic spermatids. Importantly, while RNF8 functionally interacts with MDC1 during the somatic DDR, these proteins have different functions in male meiosis. RNF8 is associated with activation, whereas, in contrast, MDC1 is associated with silencing. Thus, together, DDR factors have a broad role in epigenetic programming and in controlling gene expression on the sex chromosomes.
Our previous study showed that RNF8 is not involved in the MDC1-dependent amplification of gH2AX, which is an essential step in the recognition of the chromosomewide domain of sex chromosomes and in the initiation of MSCI (Ichijima et al. 2011) . This is of interest because RNF8 regulates the somatic DDR by binding to MDC1 (Huen et al. 2007; Kolas et al. 2007; Mailand et al. 2007; Shanbhag et al. 2010) . In meiosis, it is conceivable that recruitment of RNF8 to the sex chromosomes could be mediated through its binding to MDC1 after completion of MDC1-dependent gH2AX amplification. Indeed, RNF8-dependent ubiquitination of H2A promptly follows MDC1-dependent amplification of gH2AX at the early pachytene stage. Whether RNF8 function on the sex chromosomes in meiosis is dependent on MDC1 cannot be analyzed, however, due to meiotic arrest at the midpachytene stage in Mdc1 knockout mice (Ichijima et al. 2011) .
Importantly, the role of RNF8 in mediating ubiquitination of H2A in the context of gene activation in round spermatids contrasts with a previous study implicating RNF8 in gene silencing in the somatic DDR (Shanbhag et al. 2010) . Furthermore, the identification of ubiquitinated H2A in the context of gene activation is also in marked contrast to the prevailing view of the role of ubiquitinated H2A in gene silencing. Ubiquitination of H2A can also be mediated by another E3 ubiquitin ligase, RNF2/Ring1b, which is a subunit of Polycomb-repressive complex 1 (PRC1) and is involved in female X-chromosome inactivation (de Napoles et al. 2004 ). PRC1 mediates chromatin compaction (Francis et al. 2004) , and RNF2-mediated monoubiquitination of H2A is associated with gene silencing. Based on these views, ubiquitinated H2A on meiotic sex chromosomes has been considered to have functions in gene silencing (Baarends et al. 2005; An et al. 2010 ). In contrast, we revealed a novel role for ubiquitinated H2A in gene activation in our study. It is conceivable that, although RNF2 and RNF8 both mediate ubiquitination of H2A, it is the nature of the ubiquitin linkage that determines whether such signaling results in gene silencing or activation. One potential difference is that RNF8 mediates polyubiquitin linkages (Feng and Chen 2012) , whereas RNF2 mediates monoubiquitination of H2A. Further characterization of downstream signaling will distinguish the molecular basis by which RNF2 and RNF8 ubiquitination mediates gene silencing or activation.
In comparison with RNF2-mediated ubiquitination of H2A, RNF8-mediated ubiquitination of H2A is associated with an open chromatin conformation (Luijsterburg et al. 2012 ). This open chromatin conformation could be a prerequisite for the recruitment of downstream DDR factors in the somatic DDR. Therefore, an open chromatin structure is likely also associated with RNF8-mediated ubiquitination of H2A on the sex chromosomes. Since ubiquitinated H2A and H4K20me1 are concomitant on the meiotic sex chromosomes, it would be intriguing to examine whether a histone methyltransferase for H4K20me1 is recruited to the open chromatin associated with ubiquitinated H2A on sex chromosomes. SET8 is a possible candidate, since it is currently the only methyltransferase implicated in mediating H4K20me1 (Beck et al. 2012 ).
An important difference between the role of RNF8 in the somatic DDR and on the sex chromosomes is the nature of the factors that are subsequently recruited. Our analysis of the 53bp1-KO mice demonstrates that subsequent recruitment of this DDR factor is not involved in RNF8-dependent epigenetic programming on the sex chromosomes. Furthermore, while RAP80 binds to ubiquitinated H2A that is generated in an RNF8-dependent fashion in the somatic DDR, RAP80 is not specifically recruited to meiotic sex chromosomes. Also, in the somatic DDR, another E3 ubiquitin ligase, RNF168, amplifies polyubiquitin chains on H2A that are initiated by RNF8. This amplification step is essential to the recruitment of downstream DDR factors (Doil et al. 2009 ). Notably, a recent study showed that RNF168-KO mice are fertile (Bohgaki et al. 2011) , suggesting that, in contrast to its role in the somatic DDR, RNF168 may not be involved in RNF8-dependent epigenetic programming on the sex chromosomes. It is our expectation that further examination of the role of DDR factors will elucidate unique gene activation mechanisms in germ cell development as well as novel links with epigenetic programming.
Preceding studies and our current study establish that meiotic sex chromosomes may serve as a model to dissect epigenetic programming because stereotypic programs are timely and spatially regulated (van der Heijden et al. 2007) . MSCI is an essential step in meiotic progression, and cells with any defects in MSCI initiation are completely eliminated (Fernandez-Capetillo et al. 2003; Ichijima et al. 2011 ). This could underlie establishment of highly coordinated epigenetic programming on the sex chromosomes following the initiation of MSCI. Our results also provide insight into epigenetic programming by suggesting that silent modifications are not dependent on RNF8. Thus, silent and active epigenetic modifications are genetically separable on the sex chromosomes. Based on the stage of their appearance and disappearance, ubiquitinated H2A and H4K20me1 may be closely linked to each other. Another layer of regulation may enable subsequent accumulation of H3K4me2 after the diplotene stage.
We identified H3K4me2 as a potential epigenetic memory on the sex chromosomes maintained from meiosis to post-meiotic spermatids. The role of H3K4me2 as the mediator of epigenetic memory on mammalian sex chromosomes is somewhat akin to its suggested role in epigenetic inheritance in mammalian sperm and in the Caenorhabditis elegans germline, where H3K4me2 serves as the epigenetic memory for transgenerational inheritance (Hammoud et al. 2009; Katz et al. 2009; Brykczynska et al. 2010) . It should be noted that deletion of an E2 ubiquitin-conjugating enzyme, HR6b, was shown to increase the level of H3K4me2 on mammalian meiotic sex chromosomes and derepress much of the sex chromosomelinked gene expression (Baarends et al. 2007; Mulugeta Achame et al. 2010) . Using the Rnf8-KO, we found the opposite: The level of H3K4me2 is depleted, and the expression of escape genes is repressed. Thus, the distinct roles between HR6b and RNF8 further suggest that gene silencing and escape gene activation are genetically separable on meiotic sex chromosomes. Further investigation of RNF8-dependent epigenetic programming should reveal hitherto unknown regulatory mechanisms of Kcr and histone replacement by H2AFZ in the context of the epigenetic memory mediated by H3K4me2.
Although we found that RNF8 has a novel and important role in regulating escape genes in round spermatids, only a subset of escape genes is regulated by RNF8. One potential explanation for this observation is that there could be another mechanism besides the RNF8-dependent pathway that confers gene activation in round spermatids. One potential mechanism for alternative pathways could be regulation of histone acetylation. Indeed, we did not see any difference in the profiles of H4K8 acetylation and H4K16 acetylation in the round spermatids between the wild type and Rnf8-KO (Fig. 2P-S) . These modifications are likely established on the sex chromosomes independently of RNF8.
Finally, our data suggest the essential role of sex chromosome-linked genes in fertility. RNF8 appears to significantly affect the regulation of escape genes on the Y chromosome. Although sequencing of the mouse Y chromosome is still incomplete and its genomic features remain unclear, several Y-linked genes were reported to function in post-meiotic germ cells. For instance, the loss of expression of the Y-linked Ssty gene family results in severe sperm defects and sterility due to extensive Yq deletion (Toure et al. 2005) . Additionally, sperm from a Yq-deleted mouse (loss of the Ssty gene family) are able to produce offspring using intracytoplasmic sperm injection (ICSI), indicating that Y-linked gene families are necessary for normal function of sperm motility (Ward and Burgoyne 2006) . Taken together, our data and preceding studies suggest that RNF8-dependent Y-linked genes play critical roles in sperm-related functions. Furthermore, reproductive functions of RNF8-dependent X-linked genes are reported for Rhox11 and Samt1. These gene families are expressed in round spermatids and late steps of spermatids in normal mouse testes (Hogeveen and Sassone-Corsi 2005; Maclean et al. 2005; Yogo et al. 2012) . In particular, Rhox11 regulates the induction of androgen (Maclean et al. 2005) . It is clinically wellcharacterized that administration of androgen to patients with low-quality semen helps to increase sperm motility in humans (Brown 1975) . Interestingly, another RNF8-dependent escape gene, Ar (androgen receptor), is also significantly down-regulated in Rnf8-KO mice. The expression of Ar is crucial for maturation of spermatozoa within the epididymis in mice (O'Hara et al. 2011) . Moreover, a cohort study of infertile men showed that mutations of AR affect sperm motility and counts in humans (Lazaros et al. 2012) . It is possible that the phenotypic abnormalities of Rnf8-KO mice are associated with low-quality sperm due to the down-regulation of androgen-related RNF8-dependent genes. We anticipate that RNF8-dependent epigenetic programming is conserved in humans and that elucidation of the activation mechanism of RNF8-dependent escape genes will contribute to our understanding of human male infertility.
Materials and methods
Mice
The Rnf8-KO was generated previously from the embryonic stem cell line RRR260 (Bay Genomics) (Santos et al. 2010) and is on C57BL/6 backgrounds. The 53bp1-KO (Ward et al. 2003 ) is on a mixed background. For slide preparation, mutants and littermate controls were processed between 40 and 80 d of age post-partum.
Spermatogenesis slide preparation
Analysis of sex chromosomes during meiosis was performed using hypotonic treatment as described (Peters et al. 1997) . In order to conserve the morphology of meiotic chromatin and the relative three-dimensional nuclear structure in mouse testes, analysis of sex chromosomes in round spermatids was performed using slides that were prepared as described (Namekawa et al. 2006; Namekawa and Lee 2011) . To prepare paraffin blocks, testes were fixed with 4% paraformaldehyde in PBS, ethanoldehydrated, and embedded in paraffin. Six-micrometer paraffin sections were prepared with a microtome (Leica) and deparaffinized prior to immunostaining.
Immunofluorescence microscopy of spermatogenesis slides
Slides were incubated in PBT (0.15% bovine serum albumin [BSA] , 0.1% Tween 20 in PBS) for 60 min prior to overnight incubation at room temperature with the following antibodies: SCP3 (Abcam), 1:5000; H4K20me1 (Millipore), 1:250; H3K4me2 (Millipore), 1:250; H3K4me3 (Cell Signaling), 1:10,000; pan crotonyllysine (Kcr, PTM BioLab), 1:100; H2AFZ (Millipore), 1:400; 53BP1 (Novus), 1:100, RAP80 (Santa Cruz Biotechnology), 1:100; gH2AX (Millipore), 1:5000; monoubiquitinated histone H2A, clone E6C5 (Millipore), 1:100; ubiquitin conjugates (FK2, Enzo Life Sciences), ubiquitinated histone H2B (Medimabs) 1:500; H3K9me2 (Millipore), 1:250; H3K9me3 (Millipore), 1:250; CBX1 (Abcam), 1:200; CBX3 (Millipore), 1:500; H4K8ac (Millipore), 1:250; H4K16ac (Millipore), 1:250; and Protamine P1 (Briar Patch Biosciences), 1:100. Thereafter, slides were washed three times for 5 min each in PBS plus 0.1% Tween 20, incubated with secondary antibodies (Invitrogen or Jackson ImmunoResearch) at 1:500 for 60 min in PBT, washed in PBS plus 0.1% Tween 20, and mounted in Vectashield with DAPI. Details of immunofluorescence microscopy are described elsewhere . All images of germ cells were acquired with a TE2000-E microscope (Nikon) and a CoolSNAPHQ camera (Photometrics). Image acquisition was performed using Phylum software (Improvision). Adobe Photoshop was used for composing figures. For the analysis of meiosis and round spermatids, we analyzed a minimum of 50 nuclei of pachytene spermatocytes or round spermatids per staining. Particular stages of primary spermatocytes were determined by staining for SCP3. To generate the line traces, we exported the adjusted images to the NIH's ImageJ software and performed the quantitative analysis along a single transect as shown. To compare the wild type and the Rnf8-KO, we normalized the relative intensity of each picture together to generate comparable line traces.
Germ cell fractionation and microarray analysis
Pachytene spermatocytes and round spermatids were enriched from three to four males from the wild type or Rnf8-KO via BSA gravity sedimentation (Bellve 1993) , and >95% enrichments were verified after DAPI staining under a fluorescent microscope, respectively. For microarray analysis, total RNAs from purified pachytene spermatocytes or round spermatids were examined on Affymetrix Gene 1.0 ST arrays. Data was analyzed using Agilent GeneSpring to identify gene probes that showed a more than twofold change with statistical significance (P < 0.05, unpaired t-test) after multiple testing corrections with the Benjamini and Hochberg false discovery rate. Data were also analyzed using Affymetrix Expression Console software for the calculation of average expression levels of each chromosome, with each array normalized with the robust multichip array (RMA) algorithm. Two biological replicates (each consisting of purified germ cells from three or four mice) were analyzed. The microarray data have been uploaded to the Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo) with the accession number GSE39302. GeneSpring and Excel software were used to generate the figures. Functional annotation analysis of genes was based on gene ontology (GO) (Gene Ontology Consortium, http://www.geneontology.org). For this analysis, we eliminated functionally undefined gene sets described as physiological processes that are mostly assigned to Y-linked genes.
ChIP-seq analysis
ChIP-seq data GSM810678 (Round-spermatids_Kcro) were downloaded from GEO (http://www.ncbi.nlm.nih.gov/geo/query/ acc.cgi?acc=GSE32663) and converted to FASTQ files using sratoolkit.2.1.9-win32 (fastq-dump.exe). Bowtie 0.12.7 was used to align reads to the mouse genome (mm9). Average read density profiles were then calculated around TSSs for several subsets of genes. Figure 4A shows all NM_ refeseq genes: those located on chromosome X, those located on autosomes (University of California at Santa Cruz annotation), highly expressed genes (Present call in all microarray replicates), and silent genes (Absent call in all microarray replicates) (Affymetrix annotation). Figure 4C shows X-linked genes down-regulated in the Rnf8-KO as listed in Supplemental Table S2 ; X-linked genes silenced by post-meiotic silencing are defined based on the recovery rate (the ratio of reactivation in round spermatids as compared with the degree of silencing in pachytene spermatocytes) as described previously (Namekawa et al. 2006) . For this analysis, we considered a gene to be subject to post-meiotic silencing if it showed a recovery rate below 0.2 (Affymetrix annotation). To create average density plots, reads 2000 bases upstream of and downstream from start sites were shifted 75 bp in the direction of each read, counted at each position, and normalized by the number of total mapped reads and number of genes in each subset. Reads belonging to the X and Y chromosomes were counted twice. The resulting graphs were smoothed in Matlab.
Cell culture, siRNAs, and laser microirradiation Analysis using U2OS cells transfected with siRNAs was conducted as described previously ) unless otherwise noted. Briefly, cells were grown overnight on glass coverslips prior to transfection with siRNAs directed against LacZ (control) or RNF8 (59-GGACAAUUAUGGACAACAA-39) (Zhang et al. 2012) . At 48 h after transfection, cells were incubated with 10 mM BrdU for 24 h and then microirradiated (355 nm) in stripes using an ArcturusXT laser capture microdissection system (Invitrogen). After 2 h, cells were fixed (2% paraformaldehyde in PBS for 20 min at room temperature). Subsequent washes and incubations with antibodies were performed as described previously ). Coverslips containing cells were mounted with Vectashield containing DAPI and examined using a Zeiss Axiovert 200M microscope.
Extraction of cells and Western blotting
Whole testes were homogenized using a Polytrone homogenizer with RIPA buffer containing protease inhibitor Complete (Roche) and Phosphatase Inhibitor Cocktail 3 (Sigma). After centrifugation, the protein concentration was measured, and whole lysate and pellets were mixed together and boiled with sample buffer for SDS-PAGE. Western blotting was performed with the following antibodies: histone H3 (Millipore), 1:2000; H2A (Millipore), 1:2000; ubiquitinated histone H2B (Millipore), 1:2000; H4K8ac (Millipore), 1:1000; H4K16ac (Millipore), 1:100; and Protamine P1 (Briar Patch Biosciences), 1:50.
RT-PCR
For real-time RT-PCR, RNA was prepared by Trizol, DNasetreated (Ambion), reverse-transcribed using SuperScript III first strand synthesis system (Invitrogen), and then random hexamerprimed. PCR was carried out with the S1000 system (Bio-Rad) using the following conditions: 3 min at 95°C, (30 sec at 95°C, 30 sec at 60°C, and 1 min, 72°C) for 27 cycles. b-Actin expression was used as a positive control. Forward and reverse primers (59 to 39) and product sizes were as follows: b-actin, CCGTGAAAA GATGACCCAG and TAGCCACGCTCGGTCAGG, 249 bp; LOC100040188, TGACAGCGTCTATGGACAGG and CAAC CCCACTCCAGTTGTC, 182 bp; LOC100041223, AGGTCA ACTGCCAACAAACC and AGCCATCTTTCCCCTCAAAT, 209 bp; Srsy, AAAAGCCCCTTCTGACCAAT and TGGGAATC TCATGAGGAAGG 151 bp; Ssty1, TGTGGCCTGGTCTGTAT CAA and ATATCCCAGGGACACAGCAC, 197 bp; and Ssty2, CTCCCAACCCATAACCATTG and CATTGCCTGGGACT GAAGAT, 102 bp.
ChIP-PCR analysis
Round spermatids were enriched from six males from the wild type or Rnf8-KO via BSA gravity sedimentation (Bellve 1993) . Purified round spermatids were lysed and digested by micrococcal nuclease to obtain mononucleosomal DNAs. Prior to immunoprecipitation, Dynabeads of protein G (Invitrogen) were incubated with 20 mL of polyclonal anti-rabbit pan crotonyllysine (Kcr, PTM BioLab) antibody or 10 mL of normal rabbit IgG as a negative control (Millipore), respectively. The mononucelosomal DNA fragments were immunoprecipitated by protein G-coupled normal rabbit IgG and Kcr antibody overnight at 4°C. After DNA extraction by conventional phenol-chloroform treatment, enriched mononucelosomal DNAs were purified by ethanol precipitation. ChIP-enriched mononucleosomal DNAs were subsequently amplified using the following conditions: 2 min at 95°C, (30 sec at 95°C, 20 sec at 58°C, and 2 min at 72°C) for 35 cycles using the S1000 system (Bio-Rad). The concentration of each ChIP-enriched DNA fragment was measured using an Agilent 2100 Bioanalyzer and adjusted to a final concentration of 0.5 ng for ChIP-PCR amplification, and Input was used as a positive control. PCR primers were designed to cover the TSSs of each gene. Forward and reverse primers (59 to 39) and product sizes were as follows: Agtr2, TAGGTTGAAGGCTCCC CAGT and CTGCTGTATGTTCCCCTTCC, 184 bp; Ccdc120 (Dxlmx50), GTCCAGGCCCTAGCTTTCCT and GTGACCC TAGCCCTGGAAG, 153 bp; Huwe1 (Ureb1), TGAAGAAAGG CCTCTTGAAA and CCAGTTGTTGCTGTTGGACT, 179 bp; Lancl3, CACGTCCCAGGCCTTCTG and GCAGAGCTAGG AATGCGTGT, 198 bp; Mageh1, AAGGAACCAGTCGCTTT CAG and GGGAGAGTCCCACTTCCTCT, 172 bp; Prame, ACATTTCAGTCTTTGCTGTTTTT and CTGGGCTGTGAGA GGAATTT, 157 bp; 4930480E11Rik, CATATGAAAGTTGTAG TAACCTCCAC and GAAGACCAAATATTAGTGACAACCAA, 150 bp; Rhox11, GCACACTCTTGTGGTTTCCA and AAGT TCTACCCCGTGTGTGC, 175 bp; Mage-K1 (4930550L24Rik), GCCCCTCCTTAGTTCCAGAT and CCTGCAATGCCTCC TTCAG, 182 bp; and Ssxb10, TCAAACAGATCGAGAAGTA AGCA and GCCAAACCCTTTGAATTCCT, 172 bp.
